Pierson syndrome is a congenital nephrotic syndrome with ocular and neurological defects caused by mutations in LAMB2, the gene encoding the basement membrane protein laminin β2 (Lamβ2). It is the kidney glomerular basement membrane (GBM) that is defective in Pierson syndrome, as Lamβ2 is a component of laminin-521 (LM-521; α5β2γ1), the major laminin in the mature GBM. In both Pierson syndrome and the Lamb2 −/− mouse model for this disease, laminin β1 (Lamβ1), a structurally similar homolog of Lamβ2, is marginally increased in the GBM, but it fails to fully compensate for the loss of Lamβ2, leading to the filtration barrier defects and nephrotic syndrome. Here we generated several lines of Lamβ1 transgenic mice and used them to show that podocyte-specific Lamβ1 expression in Lamb2 −/− mice abrogates the development of nephrotic syndrome, correlating with a greatly extended lifespan. In addition, the more Lamβ1 was expressed, the less urinary albumin was excreted. Transgenic Lamβ1 expression increased the level of Lamα5 in the GBM of rescued mice, consistent with the desired increased deposition of laminin-511 (α5β1γ1) trimers. Ultrastructural analysis revealed occasional knob-like subepithelial GBM thickening but intact podocyte foot processes in aged rescued mice. These results suggest the possibility that up-regulation of LAMB1 in podocytes, should it become achievable, would likely lessen the severity of nephrotic syndrome in patients carrying LAMB2 mutations.
kidney filtration barrier | albuminuria | kidney disease P ierson syndrome describes a congenital nephrotic syndrome accompanied by ocular and neurological defects. It is caused by autosomal recessive mutations in LAMB2, the gene encoding the basement membrane protein laminin β2 (Lamβ2) (1, 2) . The onset and severity of Pierson syndrome varies, depending on the degree of mutant Lamβ2 function and/or expression (3) . The majority of patients with Pierson syndrome are diagnosed with nephrotic-range proteinuria, rapidly develop end-stage renal disease, and die from renal failure as early as 2 wk of age (4) .
The kidney glomerular basement membrane (GBM), which consists primarily of laminin-521 (LM-521; α5β2γ1), the type IV collagen α3α4α5 network, nidogen, and the heparan sulfate proteoglycan agrin (5) , is one of the major sites affected in Pierson syndrome. The GBM is a sheet-like extracellular matrix meshwork separating two cellular layers, endothelial cells and podocytes. Together, these three layers form the glomerular filtration barrier, which prevents valuable plasma proteins in the blood from leaking into the urine while allowing the efficient flow of water and small molecules. A defect in or injury to any of these three layers can cause albuminuria, demonstrating the importance of all three for maintaining the filtration barrier (6, 7) .
Laminin is a cruciform heterotrimer composed of α, β, and γ chains that self-polymerizes into a supramolecular network in the extracellular matrix (8) . During glomerulogenesis, laminin trimers are secreted from both podocytes and endothelial cells and deposited into the GBM (9) . The laminin composition changes during GBM formation and maturation, from LM-111 (α1β1γ1) at early glomerular stages to LM-521 in the mature GBM; LM-511 (α5β1γ1) is detected transiently during maturation (10) . Because LM-521 is the only trimer found in the adult GBM, LAMB2 mutation, as in Pierson syndrome, disrupts the GBM's laminin network. Lamb2 −/− mice, which model Pierson syndrome, show congenital albuminuria followed by podocyte foot process effacement; they die at about 3 wk of age with severe neuromuscular defects and nephrotic syndrome (11, 12) . Interestingly, Lamb2 −/− mice show abnormal accumulation of ectopic laminins such as LM-511, -332, -211, and -111 in the mature GBM; these presumably are expressed in attempt to compensate for the loss of LM-521 (13) . Given that basement membranes cannot form without laminin (14) , it is likely that the presence of these ectopic laminins allows the GBM's integrity to be maintained.
Transgenic restoration of Lamβ2 specifically at the neuromuscular junction in Lamb2 −/− mice rescues the neuromuscular defects, but the mice still succumb to nephrotic syndrome (15) , indicating that the ectopic laminin deposition into the GBM is not sufficient to compensate. We therefore concluded that Lamβ2 is functionally unique in the GBM and required for a normal filtration barrier (11, 15) . However, an alternative hypothesis is that there is simply an insufficient quantity of laminin in the GBM of Lamb2 null mice, and that a laminin trimer other than LM-521 might function normally in the GBM if its expression level were high enough. LM-511 is the best candidate laminin trimer to functionally compensate for LM-521, because LM-511 shares α and γ chains with LM-521, and the β1 and β2 chains are structurally similar (Fig. 1A , adopted and redrawn from ref. 16 ). Although LM-511 is increased in the mature GBM of Lamb2 null mice, perhaps the level is simply not sufficient. Furthermore, because the C-terminal LG domain of Lamα5 interacts with integrin α3β1 and other receptors on podocytes and glomerular mesangial cells (17) (18) (19) , having Lamα5 in a compensating laminin trimer should be beneficial in terms of signals provided to the neighboring cells.
Here we used Lamb2 −/− mice as a model of Pierson syndrome and tried to ameliorate the nephrotic syndrome by forced transgenic expression of Lamβ1 in podocytes. This led to quantitative replacement of the missing LM-521 network with LM-511. These mice exhibited significantly reduced albuminuria and dramatically increased lifespan. This study shows that Lamβ1 can effectively substitute for Lamβ2 in the GBM when provided quantitatively and suggests a potential therapeutic approach for ameliorating the glomerular filtration defect in Pierson syndrome. 
Results

Because Lamb2
−/− mice show severe growth retardation due to neuromuscular defects, all mutant mice used in the experiments described herein contained the muscle creatine kinase promoterdriven Lamβ2 (MCK-B2) transgene. The expression of MCK-B2 rescues the neuromuscular junction defects and growth retardation in Lamb2 −/− mice without affecting the kidney (15) .
Increased Lamβ1 in the GBM of a Pierson Patient. We used a renal biopsy from a 3-mo-old Pierson patient lacking Lamβ2 (20, 21) to determine whether the loss of Lamβ2 in humans leads to the increased Lamβ1 observed in the GBM of Lamb2 −/− mice (11). Indeed, Lamβ1, which is in the mesangial matrix of normal glomeruli, was detected in the GBM of the patient (Fig. 2) . This suggests a similar imperfect compensatory response to the lack of Lamβ2 in both human and mouse glomeruli.
Generation of Transgenic Mice That Express Lamβ1 in Podocytes. To test the hypothesis that albuminuria in Lamb2 −/− mice stems from a shortage of laminin in the GBM rather than due to the lack of Lamβ2/LM-521 per se, we decided to force overexpression of Lamβ1 in podocytes so that Lamβ1-containing trimers would be secreted into the GBM and contribute to laminin network formation. Because podocytes normally synthesize laminin α5 and γ1, the Lamβ1 should assemble with them to form LM-511 trimers. A mouse/human chimeric Lamb1 cDNA was designed to be expressed in podocytes under the control of the nephrin promoter (22) (Neph-B1 transgene; Fig.  1B) . We generated several different lines of Neph-B1 transgenic mice, and they expressed the transgene and incorporated Lamβ1 in the GBM at various levels ( Fig. S1 ). Based on quantitative confocal immunofluorescence analysis, the transgenic lines were divided into two groups: Neph-B1L (low expressors) and Neph-B1H (high expressors).
Lamβ1 is not found in the GBM of wild-type mice, but it can be detected in the GBM of Lamb2 −/− mice (11) mice, which survived longer than 1 y, compared with nontransgenic Lamb2 −/− mice, which survive for w1 mo.
Normal Renal Architecture and Absence of Podocyte Injury in Lamb2
−/− ; Neph-B1 Mice. Lamb2 −/− mice at 3 wk of age show focal mesangial sclerosis and dilated tubules with protein casts, which is indicative of proteinuria (Fig. 4B) . However, neither Lamb2 −/− ; Neph-B1 mice nor heterozygous controls showed these features (Fig. 4 A and C and Fig. S2 ), which is consistent with the absence of albuminuria. As Lamb2 −/− ; Neph-B1 mice became older, PAS staining of glomeruli revealed mild mesangial expansion and segmental thickening of the GBM (Fig. 4 G and I) . Notably, the appearance of mesangial expansion and focal thickening of the GBM was correlated with the development of mild, nonnephrotic-range albuminuria by 1 y of age ( Fig. 3 A and B) . Proximal tubules retained a normal brush border, and the occurrence of sclerotic glomeruli was low in Lamb2 −/− ; Neph-B1 mice (Fig. 4 G and I) . To examine whether forced expression of Lamβ1 impacted podocyte phenotype and/or protected podocytes from damage in Lamb2 −/− mice, we stained kidneys with antibodies to desmin, a known marker of podocyte injury (23) normally restricted to mesangial cells, and to podocin, a crucial slit diaphragm-associated protein whose localization and levels can change in injured podocytes with effaced foot processes. First, Lamβ1 expression itself did not alter podocyte phenotype on the Lamb2 +/− background, demonstrated by the absence of desmin in podocytes (Fig. S2) . In 3-wk-old Lamb2 −/− mice, which have widespread foot process effacement (11, 13) , there were glomerular tuft segments without linear podocin staining, together with increased desmin staining on the outer aspects of the tuft, presumably where the podocyte cell bodies are located (Fig. 4E) . In contrast, rescued Lamb2 −/− ; Neph-B1 mice did not usually show alterations in either podocin or desmin at 3 wk of age, or even at 1 y of age (Fig. 4 D and F and J-L) .
Restoration of Lamα5 Levels in the GBM by Transgenic Lamβ1 Expression in Lamb2
−/− Mice. To investigate how the overall laminin composition of the GBM was changed by the forced expression of Lamβ1 in the absence of Lamβ2, we assayed the expression and localization of different laminin chains in 3-wkold mouse kidneys. Lamα5 was of particular interest, as Lamα5 bears a major podocyte and mesangial cell integrin ligand and appeared low in the GBM of Lamb2 −/− mice (13) (Fig. 5B) . The increased podocyte expression of Lamβ1 in Lamb2 −/− mice restored the level of Lamα5 in the GBM to near wild type (Fig. 5 A, C, and J and Fig. S3 ). With the restoration of Lamα5, ectopic expression of Lamα1 was not detected in Lamb2 −/− ; Neph-B1 mice at 3 wk of age (Fig. 5A) , indicating that overexpression of Lamβ1 did not drive the formation of LM-111, but rather LM-511. Formation of LM-511 was also supported by the observation that the Lamb2 −/− ; Neph-B1H mice showed a higher Lamα5 level than the Lamb2 −/− ; Neph-B1L mice did (Fig. S3) . LM-332 was not deposited in the GBM of rescued mice, although it was present in Lamb2 −/− GBM (Fig. 5 D-F) . The appearance of Lamα1 and Lamα2 in the GBM has been observed in Alport (Col4a3 −/− ) mice (24-26) and in other mo with w100 g urinary albumin/g creatinine. Note that the low Lamβ1-expressing mice (Neph-B1L) showed heavier albuminuria than the high expressing mice (Neph-B1H). 
Lamb2
−/− ; Neph-B1 mice did not show Lamα1 or Lamα2 deposition in the GBM at 3 wk. However, at 1 yr of age some Lamb2 −/− ; Neph-B1 mice did show focal segmental deposition of Lamα1 and Lamα2 in the GBM (Fig. 5 G-I and Fig. S4 ), but without albuminuria or kidney pathology, implying that Lamα1 and Lamα2 are not necessarily pathogenic. When collagen α2 (IV) and collagen α4(IV) were stained to show mesangial matrix and GBM, respectively, transgenic expression of Lamβ1 was not found to alter the deposition of collagen IV chains (Fig. S5) .
Intact Podocyte Foot Processes and Occasional Knob-Like Subepithelial GBM Thickening in Lamb2
−/− ; Neph-B1 Mice. Because rescued null mice did not show major abnormalities other than the appearance of ectopic laminins, we examined the ultrastructure of glomeruli to determine how the increased Lamβ1 in the GBM affected the maintenance of podocyte foot processes and slit diaphragms. Consistent with data presented above, at 3 wk of age there were no noticeable differences between rescued mice and wild-type mice, whereas Lamb2 −/− mice showed severe foot process effacement (Fig. 6 A-C) . At 1 y of age, the GBM of rescued mice showed occasional subepithelial thickening and electron-lucent, "moth-eaten" areas ( Fig. 6 D and E) . This thickening was observed in a subset of capillary loops in most glomeruli. These moth-eaten GBM lesions were found only in the rescued mutants, and the Lamb2 −/− ; Neph-B1L mice showed the more severe defects (Fig. 6D and Fig. S6B ). (Interestingly, the podocyte foot processes in Lamb2 −/− ; Neph-B1 mice were as intact as those in Lamb2 +/− mice, even those juxtaposed to the GBM segments showing the moth-eaten pattern.) We confirmed these findings using scanning electron microscopy (Fig. 6 F and G, and Fig. S6 C  and D) . These results show that transgenic Lamβ1 expression prevents podocyte foot process effacement in Lamb2 −/− mice.
Discussion
The importance of laminin for the GBM has been underscored by the discovery of human LAMB2 mutations that cause congenital nephrotic syndrome in Pierson syndrome, together with similar features of Lamb2 −/− mice (2, 11). Here we designed experiments to attempt to rescue the fatal renal failure in Lamb2 null mice by increasing the level of Lamβ1 and LM-511 in the mutant GBM. Our data show that transgenic Lamβ1 expression in podocytes is sufficient to rescue the albuminuria and early lethality of Lamb2 null mice. Transgenic Lamβ1 compensates for the loss of Lamβ2 by assembling with Lamα5 and Lamγ1 to generate levels of secreted LM-511 that are sufficient to reconstitute the otherwise defective GBM. Previously we showed that Lamb2 null mice develop albuminuria at birth and exhibit podocyte foot process effacement by 2 wk (11). Although Lamβ1 is increased in the GBM of Lamb2 null mice, the level of Lamβ1 is apparently insufficient for the establishment of a fully functional barrier to albumin (11) . Similarly, here we showed that Lamβ1 is increased in the GBM of a Pierson syndrome patient, which was also insufficient for a normal filtration barrier. According to our recent studies of a pathogenic LAMB2 missense mutation (R246Q) that inhibits laminin-521 secretion, Lamβ1 is also increased in the GBM of mice expressing the R246Q mutant, but apparently not at levels sufficient to prevent proteinuria (27) .
The main cause of albuminuria in Lamb2 −/− mice is the imperfect GBM, as albuminuria initially occurs without the loss of foot processes and slit diaphragms (13) ; this emphasizes the GBM's crucial role in the glomerular filtration barrier. Here we demonstrated that albuminuria could be prevented or significantly delayed (and at a much reduced level) in Lamb2 −/− mice by the incorporation of transgenic Lamβ1-containing trimers into the GBM's laminin network. We believe that this beneficial role of Lamβ1 in the GBM is achieved in two ways: (i) increased supply of a laminin β chain and (ii) the resulting quantitative recovery of Lamα5-containing trimers. Because the level of transgenic Lamβ1 is much higher than the level of endogenous Lamβ1 in the Lamb2 −/− GBM, this increased supply of Lamβ1 provides for a tighter glomerular filtration barrier. Moreover, linear Lamα5 deposition in the GBM was restored to near normal levels by the transgenic Lamβ1, indicating that Lamβ1 is secreted from podocytes mostly as part of LM-511 rather than LM-111, because Lamα1 was not detected in the GBM at early ages and was only rarely observed in a spotty pattern in the GBMs of aged rescued mutant mice. As Lamα5 is the major laminin α chain found in the adult GBM (28) and is essential for GBM maturation and maintenance (29, 30) , the increased Lamα5 imparts the laminin network with a structure that is similar to the normal GBM laminin network (LM-521), while also providing ligand for the integrin α3β1 receptor on the adjacent podocytes (31, 32) . Lamb2 −/− mice develop heavy albuminuria with eventual foot process effacement, but it is unclear what causes the effacement. As the GBM provides ligands (such as laminin-521) for receptors on podocytes (such as integrin α3β1), the absence of proper signals from the extracellular matrix might lead to the podocyte abnormalities, although these signals seem not to be necessary for initial podocyte maturation. Alternatively, heavy albumin in the urinary or subpodocyte space could be injurious to podocytes (33) . Here, the compensating LM-511 network presumably both sends proper extracellular matrix signals to podocytes and allows the GBM to be an effective filtration barrier capable of shielding podocytes from high concentrations of plasma proteins. Moreover, because laminin, collagen IV, and other ECM components are interconnected within the GBM, a change in one component sometimes affects the others (34) . For example, deletion of collagen α3(IV) results in expression of ectopic laminin chains (24) (25) (26) , but Lamb2 null mice, with or without a rescuing transgene, show normal expression of collagen IV chains in glomeruli ( Fig. S5 and ref. 11) .
Our study can, to some extent, answer the question as to whether it is the quality or the quantity of laminin that is important for the glomerular filtration barrier. First, different transgene expression levels in the different transgenic lines showed that the quantity of Lamβ1 chain and LM-511 trimer impacted the function of the GBM: the more Lamβ1 there was in the GBM, the less albuminuria was observed. (This is consistent with our R246Q-mutant Lamβ2 study, in which the amount of laminin β2 correlated inversely with the level of proteinuria) (27) . Interestingly, expression of even the lowest level of transgenic Lamβ1 in Lamb2 null mice was beneficial enough to delay, if not prevent, nephrotic syndrome and extend the lifespan of Lamb2 −/− mice, although mild albuminuria was evident. Second, we conclude that Lamβ2 must have a unique qualitative function that Lamβ1 lacks, on the basis of the following observation: the level of LM-511 in Lamb2 −/− ; Neph-B1 mice was as high as or higher than the level of LM-521 in wild type, as judged by quantitative Lamα5 fluorescence analysis; however, the GBM of Lamb2 −/− ; Neph-B1 mice was not completely normal, as it showed occasional knob-like subepithelial thickening associated with mild albuminuria by 1 y of age. The uniqueness of Lamβ2 might be conferred in part by the COOH-terminal 20 amino acids, which modulate the binding affinity of laminin α5-containing trimers to the integrin α3β1 receptor (35) .
Analogous to our study, Gawlik and colleagues (36) (37) (38) reported that transgenic overexpression of Lamα1 rescues both the congenital muscular dystrophy and the peripheral neuropathy caused by the lack of Lamα2, despite the fact that endogenous Lamα1 is not normally expressed in skeletal muscle or peripheral nerve (39) . Interestingly, on the basis of a comprehensive phylogenetic analysis of laminin chains, the homologies between Lamα1 and Lamα2 and between Lamβ1 and Lamβ2 were found to be the highest within the laminin α and β chain subfamilies, respectively (40) . Lamα1 and Lamα2 show 65% similarity across the full-length proteins but 92% similarity between their laminin NH2-terminal (LN) domains, which are crucial for trimer-trimer interactions and laminin polymerization (41) . Lamβ1 and Lamβ2 show 69% similarity in total and 86% similarity between their LN domains. These significant similarities, especially between the LN domains, are consistent with the notion that these laminin pairs might be at least partially functionally redundant under some circumstances, as our data and that of Gawlik et al. (36) (37) (38) suggest. Because Lamβ1 is naturally found in Pierson GBM and expressed by podocytes during development, it may be more feasible to increase its production compared with activating production of Lamα1 de novo in congenital muscular dystrophy. Lamb1 has been shown to be upregulated by retinoic acid in the F9 teratocarcinoma cell line (42) , and its promoter contains a retinoic acid-responsive element (43) . It remains to be determined whether Lamb1 could be up-regulated by retinoic acid treatment of podocytes or glomerular endothelial cells. Intravenous infusion of human LM-511 is also a potential therapy, as it will not be rejected by the host immune system but should improve glomerular permselectivity with successful incorporation into the GBM. Interestingly, intramuscular injection of laminin-111 protein into mdx mice, a model of Duchenne muscular dystrophy, was shown to ameliorate muscular dystrophy by increasing integrin α7 (44), although, paradoxically, transgenic expression of Lamα1 in mdx muscle fails to improve dystrophic features (45) .
Taken together, our results suggest a potential therapy for congenital nephrotic syndrome due to LAMB2 mutation. Increased expression of LAMB1 in podocytes (or perhaps glomerular endothelial cells) and the resulting increased deposition of LM-511 into the GBM should be beneficial for reducing albuminuria and significantly increasing the time to end-stage renal disease.
Materials and Methods
Human Tissues. We sectioned a frozen kidney fragment from a previously described patient (patient 3 in ref. 21 ) who had a therapeutic unilateral ; Neph-B1 mice were intact. (Scale bar, 2 μm.) Po, podocyte; CL, capillary lumen; En, endothelial cell; R, red blood cell. nephrectomy at 2.5 mo of age. Informed consent and parental permission were obtained. The normal adult kidney was obtained from the Washington University Center for Kidney Disease Research Center, Kidney Translational Research Core. This study was approved by the appropriate institutional review boards.
Animals. Lamb2 mutant mice and muscle creatine kinase promoter-driven rat laminin β2 (MCK-B2) transgenic mice were previously described (12, 15) . The Neph-B1 transgene was engineered from mouse and human LAMB1 cDNAs and the previously described mouse 4.1-kb nephrin promoter (22) . Details of the construct are described in SI Materials and Methods. All animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Antibodies and Histology. Immunofluorescence analysis was performed with 8-μm frozen sections of unfixed kidney as previously described (15) . Antibodies used for immunostaining are described in SI Materials and Methods. Light and electron microscopic analyses were performed as described (13) .
Urinalysis. Urine was collected from mice and assayed by mouse albumin ELISA (Bethyl Laboratories). Albumin-creatinine ratios were obtained by urinalysis with a Cobas Mira Plus analyzer (Roche). Urinary albumin was visualized on gels as described (15) .
Confocal Microscopy and Image Analysis. Immunostained slides were viewed on a Nikon D-eclipse C1plus confocal microscope (Nikon), and images were obtained as described (46) . The intensities of the brightest three spots of stained GBM from multiple confocal images were measured using the ImageJ program (National Institutes of Health). Two-tailed, unpaired, and unequal-variance Student's t tests were used for the determination of statistical significance in measurements.
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